Dissipative particle dynamics ͑DPD͒ simulations have been employed to study the microphase separation of the poly͑styrene-b-isoprene͒ ͑PS-b-PI͒ diblock copolymer. The DPD model is constructed to match the physical description and structural properties of the PS-b-PI diblock copolymer. A coarse-grained force field has been developed for the diblock copolymer system in DPD simulations. The new force field contains bonded and nonbonded interaction terms, which are derived from atomistic molecular dynamics simulations and determined by fitting experimental data of the compressibility of water at room temperature and interfacial tension values, respectively. The morphologies of the PS-b-PI diblock copolymer system obtained from DPD simulations are in agreement with experimental observations as well as previous simulated results.
I. INTRODUCTION
Block copolymers are a special type of polymer in which each molecule consists of two or more chemically distinct blocks that are covalently linked together. They are further classified by the number of blocks each molecule contains, and how they are arranged. Owing to the repulsive interactions among the different blocks and the topological constraints caused by the subchains being linked permanently, block copolymers represent an interesting class of polymer materials that exhibit a rich variety of phase behaviors in bulk and concentrated solutions, making them a subject of great interest for experiments, [1] [2] [3] [4] theories, [5] [6] [7] [8] and computer simulations. [9] [10] [11] [12] [13] [14] [15] [16] Diblock copolymers are the simplest case of block copolymer in which only two distinct chemical blocks are involved ͑an A-block and a B-block͒. Typically, the polymers or blocks that make up diblock copolymers are immiscible and ideal for phase separation. Compared to a complete separation of the binary mixtures into a single A-rich domain and a single B-rich domain, the existing chemical bonds between two blocks in diblock copolymers make complete separation impossible. As a consequence, microphase separation occurs, resulting in complex morphologies, such as spherical, cylindrical, and lamellar microstructures.
In order to develop skills to control the sizes and shapes of microstructures, an understanding of the formation of these microstructures under different conditions is required. With increasing computer power, computer simulations have become the main pillars of scientific research and have become powerful tools for investigating various phenomena in complex systems, such as block copolymers. Presently, however, the quantitative modeling of block copolymer chains in full atomistic detail at meso-or macroscopic length scales remains difficult because of the huge number of degrees of freedom in such system. A potential solution to overcome this problem is to reduce the number of degrees of freedom through the mapping of an atomistic model onto coarsegrained ͑CG͒ structures. Actually, there has been a growing interest in developing CG models for diblock copolymers chains. 12, 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Here, we briefly describe a few of the major achievements. Groot and Madden 12 studied the microphase separation of linear diblock copolymer melts by dissipative particle dynamics ͑DPD͒ simulation method. Recently, the microphase separations of nonlinear diblock copolymers have been investigated using a similar method. 21, 25, 31 The phase behaviors of diblock copolymers by the off-lattice Monte Carlo simulation have been studied by Besold et al. 17 Ginzburg et al. 18 developed a new CG model for diblock copolymers to investigate the influence of nanoscale particles on the phase separation and the morphologies of symmetric diblock copolymer films. In a recent series of papers, Addison et al. 19 proposed a model of systematic CG representation of block copolymer by modeling the chain as two soft blobs tethered by an entropic spring. Pierleoni et al. 24 studied the self-assembly of diblock copolymer through a two-step CG strategy to build blocks of supermolecular structures. Sambriski and Guenza 27 described a similar method for CG diblock copolymer liquids based on the solution of liquidstate integral equations. To our knowledge, few studies have looked into the phase structures of specific diblock copolymers. The morphologies and mechanical properties of poly͑styrene-b-isoprene͒ ͑PS-b-PI͒ diblock copolymers have recently been studied by Soto-Figueroa et al. 22, [32] [33] [34] Ortiz et al. 23 developed a DPD model of diblock copolymer similar to ours, inasmuch as the optimization of the CG force field is obtained by incorporating the bonded interaction parameters from atomistic simulations and nonbonded interaction parameters from experimental data. In our previous simulations, we have developed a CG force field for the PS-b-PB diblock copolymer. 15 In this present work, we have further developed our approach to address this problem of modeling of diblock copolymer.
II. SIMULATION DETAILS

A. DPD formulation
DPD is a mesoscopic simulation method, introduced in 1992 by Hoogerbrugge and Koelman. 35 In a DPD simulation, a particle represents the center of mass of a cluster of atoms and the mass, length, and time scales are all unity. Particles i and j interact with each other via a pairwise additive force, consisting of three contributions: ͑i͒ a conservative force, F ij C ; ͑ii͒ a dissipative force, F ij D ; and ͑iii͒ a random force, F ij R . Hence, the total force on particle i is given by
where the sum acts over all particles within a cutoff radius r c . Specifically, in our simulation,
where a ij is a maximum repulsion between particles i and j; r ij is the distance between them, with the corresponding unit vector r ij ; ij is the difference between the two velocities; ij is a random number with zero mean and unit variance; and ␥ and are parameters coupled by 2 =2␥k B T. The weighting function ͑r ij ͒ is given by
· ͑3͒
By joining consecutive particles with spring force, one can construct CG models of polymers. 12, 36 The harmonic spring force with a spring constant of k s and an equilibrium bond length of r s in our simulations has the form
B. Force field of diblock copolymer
Atomistic force fields of diblock copolymers are usually divided into two major parts, 37 namely, bonded and nonbonded potential terms, each of which comprises several different contributors. The total force field energy can be described as
where V tot is the total energy of the system; V str and V bend are the potentials defining the contributions for bond stretching between pairs of bonded atoms and the angular bending among three atoms, respectively; V tors is a torsional potential accounting for the change of energy as bonds rotate; V vdw accounts for the excluded volume repulsive and intermolecular attractive forces between atoms in different copolymer chains or in the same copolymer chains, but at least three bonds apart; and V es is the potential of the electrostatic interactions. The CG force field for the diblock copolymer in DPD simulations is built similarly using these two potential terms, that is, V bonded and V nonbonded . Specifically, the bonded interactions in the DPD scheme are described by the harmonic spring force, as stated in Eq. ͑4͒, and bond-bending force, which has the form
where k and 0 are the bending constant and equilibrium angle between two consecutive bonds, respectively. The nonbonded interactions are represented by the pairwise additive forces. Specifically, these interaction terms are described by the conserved parts of the forces since the DPD system has the correct Boltzmann distribution. According to our previous simulations, 15 all of these interaction terms are not intended to make adjustments simultaneously but to perform successive adjustment of these terms in the order of their relative strength, as expressed by
We choose to begin with the harmonic spring forces and work our way systematically down to the conservative forces.
C. DPD model construction
For a DPD simulation of the block copolymer system and for the specific case of the PS-b-PI diblock copolymer system, the choice of the CG procedure for the DPD particles and the optimization of the CG force field for the DPD model are of fundamental importance.
Mapping
Within the DPD approach, some molecules of the system are CG by a set of particles with a necessary assumption that each particle has the same volume based on the CG mapping on that of water, that is, the amount of matter contained in each particle is constant for all species. To construct the DPD model for the PS-b-PI system, we first need to figure out the volume of simulated monomers and process the CG mapping for PS and PI. The volume of a molecule is calculated by a method somewhat similar to the Monte Carlo method, that is, by measuring how many vertices of a dense regular grid happen to be within the probe radius of the molecule's atoms. Specifically, it is calculated using a modified version of the program named MOL_VOLUME developed by Balaeff. 38 The values of monomer volumes are listed in Table I . From these parameters, we find the ratio of the volume of PS monomer and PI monomer to that of water molecule to be 5.33 and 4.52, respectively. As a rough approximation, the volume of one PS ͑or PI͒ monomer is considered to be the same as that of five molecules of water. Therefore, within a standard mapping of five molecules of water per DPD par-ticle, we use the conventional coarse-graining strategy of approximately one PS ͑or PI͒ monomer per DPD particle. Figure 1 illustrates the mapping of the PS and PI monomers from the atomistic to mesoscopic level. Each monomer is replaced by one DPD particle located at the center of the mass and connected by harmonic springs.
Length, time, and temperature scales
In the DPD approach, it is convenient to use reduced units. 36, 39 The unit of length is defined by the cutoff radius r c ; the unit of the mass is defined by the masses of particles; and the unit of energy is defined by k B T. Here, we will give an estimate of the physical length, time, and temperature scales in our DPD simulations. Since the simulated particle number density is r c = 3 and a DPD particle has the volume of approximately 150 Å 3 , a cube that contains three particles therefore corresponds to a volume of approximately 450 Å 3 ; thus, we find the physical length scale of interaction radius by r c = ͱ 3 450 = 7.66 Å.
͑9͒
Following Groot and Rabone, 39 since the value of the number of waterlike molecules per DPD particle has been chosen at N m = 5, the time scale is estimated by
In our simulations, a constant time step of ⌬t = 0.01 is used, thus, the time step of ⌬t = 1.16 ps is taken in the simulations. Since the mass, length, and energy are all unity within the DPD approach, the temperature is expressed in reduced units as well. To use reduced units, we define k B T 0 = 1.0, where T 0 is room temperature. The repulsive interactions can then be expressed in these reduced units, that is, the repulsive parameters of waterlike particles have been fitted to give the correct compressibility of water at room temperature. Then, we introduce a notation T ‫ء‬ to indicate the reduced temperature. In order to estimate the values of reduced temperatures in terms of physical temperatures, we have mapped the reduced temperatures, T ‫ء‬ , onto physical temperatures T, according to the following linear equation:
The values of coefficients are found by solving the system of linear equations obtained by substituting, in Eq. ͑11͒, the reduced and physical values of absolute zero and room temperatures, 0 and 298.15 K, respectively. The resulting values are a = 298.15 K and b =0 K.
Bonded interactions
The bonded interactions in the DPD scheme are described by harmonic spring forces between consecutive particles and bond-bending forces between consecutive bonds. The equilibrium values and the force constants in DPD simulations are derived from all-atom molecular dynamics ͑AAMD͒ simulation. First, an AAMD simulation of PS-b-PI is performed in the NVT ensemble with the temperature set to T = 413 K. The distributions of distances between two successive particles and the distributions of angles between two consecutive bonds along the chains can then be obtained from the simulation. The equilibrium values and the force constants in DPD simulations are chosen to reproduce the obtained means and standard deviation of the target bond length and bend angle distributions. According to our previous simulations, 15 since two different types of DPD particles have been chosen in the DPD model, three different types of bond distributions and four different angle distributions are used to describe the bonded interactions. Table II summarizes the parameters of bonded interactions in the DPD simulations.
Nonbonded interactions
The nonbonded interactions in the DPD scheme are described by the repulsion parameters related to the interactions between DPD particles. The value of repulsion parameter for waterlike particles is chosen such that the simulated compressibility of waterlike particles at room temperature corresponds to the experimental value. Generally, it has been previously proposed that the following equation should hold in a DPD system: 39 
where and n are the particle density of the DPD system and the density of waterlike molecules in waterlike liquid, respectively. In Sec. II C the value of the number of waterlike molecules per DPD particle has been chosen at N m = 5. For this value, the correct compressibility of waterlike particle at room temperature is matched when the repulsion parameter of waterlike particle is determined at a ii = 131.5k B T. Note that the same values are taken between particles of the same type for all liquid components because we actually simulate equal liquid volumes for all components. In principle, this procedure may be applied at any temperature, and may thus result in temperature-dependent a ij -repulsive parameters; however, it will make the interpretation of the simulation data too difficult when dealing with temperature-dependent parameters. Therefore, we make an approximation in which we assume that the a ij -repulsive parameters are not temperature dependent. Considering the fact that a direct mapping between the atomistic-level information and the repulsive parameters in a DPD model is not always possible, the value of parameters referring to the interaction between two different particles is determined by fitting the values of experimental interfacial tension. 40 To obtain the simulated interfacial tension values, a DPD system consisting of PS-b-PI bilayer is simulated in a periodic box, where the bilayer is oriented perpendicular to the x-axis, and the interfacial tension is determined by integrating the difference between normal and tangential stress across the interface separating the two segregated components via the formula DPD = ͵ ͓P xx ͑x͒ − 0.5͑P yy ͑x͒ + P zz ͑x͔͒͒dx 
D. Computational details
All of the simulations are carried out in a simulation box of 20ϫ 20ϫ 20 containing a total of 24 000 constituent particles with a particle number density of 3 at T ‫ء‬ = 1.386. The simulations are performed using a modified version of the DPD code named MYDPD. 42, 43 The time integration of motion equations is done using a modified velocity-Verlet algorithm with = 0.65 and time step ⌬t = 0.01. The number of representative particles for each PS-b-PI diblock copolymer chain is assumed to be constant. In our simulations, the diblock copolymer length is N = 10 and the first fN particles are of type S particles where the parameter f is denoted as the ratio of the length of the S-block relative to the whole block copolymer, and the last ͑1-f͒N are of type I particles. We initialize our system by distributing PS-b-PI diblock copolymer chains randomly in the simulation box; therefore, the final microstructures can be considered as dependent of the composition and initial architecture of the diblock copolymer. A series of simulations is presented to study the microphase structures of PS-b-PI by varying the parameter f, that is, the fraction of S particles in the system, from 0.10 to 0.90.
III. RESULTS AND DISCUSSIONS
In this section, we present the simulated results of the PS-b-PI diblock copolymer system. We start our simulations from a symmetric diblock copolymer consisting of S and I blocks of equal length, that is, f = 0.50. Owing to the symmetry of the diblock copolymer, the lamellar structure is expected. In the simulation, it is observed that the S 5 I 5 block system converges to a lamellar phase, as shown in Fig. 2͑a͒ . When we change the composition of the diblock copolymer from symmetric to asymmetric, other microstructures appear, which are also shown in Fig. 2 . When the fraction of the S-block decreases from f = 0.50, the lamellar phase disappears and the gyroid microstructure is first observed by interconnection of microdomains of the same component, and the hexagonal packed cylinder ͑hex͒ morphology is then observed when the composition of the diblock copolymer is more asymmetric. Upon further decrease of the fraction of the S-block, the PS-b-PI diblock copolymer displays spheri- cal morphology formed by body-centered-cubic ͑bcc͒ packing of the S-blocks into the matrix of the I-blocks. Finally, the system is disordered upon further decreasing of the fraction f. Upon increasing the S-block fraction, the morphology appears in a reversed order and asymmetric systems evolve again. The simulated morphologies appear in the same order with expectation based on experiments and theories, that is, the phase transitions from disordered to bcc to hex to gyroid to lamellar microstructures are in line with experimental results and theoretical simulations. To visualize the threedimensional structure of this phase more clearly, the density of S-blocks is measured on a three-dimensional grid. In the S-rich domains, the density is high and in the I-rich domains, it is low. The dividing surface between the S-rich domains and the I-rich domains is represented by the isosurface where the density is midway between these values. Figure 3 shows the simulated morphologies of PS-b-PI diblock copolymer systems and their composition domains, which are similar to the simulated results by Soto-Figueroa et al. 22 However, the CG procedure for the DPD particles and the optimization of the CG force field for the DPD model are different. First, the DPD particles for the PS-b-PI in their model were obtained from the molecular structures of the copolymer chains based on a standard Gaussian model; whereas the CG procedure in our DPD model is derived from the standard DPD approach that keeps each DPD particle with the same volume based on the CG mapping on that of water. Second, the repulsive interactions of DPD particles in their model were obtained from the monomer-monomer interactions; however, in our DPD scheme, these repulsive parameters are determined by fitting experimental data for interfacial tension and compressibility of water. In addition, the bonded interactions in our DPD model, which are described by harmonic spring forces and bond-bending forces, are derived from atomistic molecular dynamic simulations. The appearance of similar morphologies from two different DPD schemes for PS-b-PI suggests that the computational modeling is robust against details of the methods.
A direct observation of the dynamic processes for the formation of these complex microstructures is important for developing skills to control the sizes and shapes of these microstructures. The simulation provides a good choice to understand these processes. A typical dynamic formation process of lamellar microstructure is provided in Fig. 4 . The process of this microstructure can be clearly understood from these figures. It reveals that the block copolymers initially rapidly aggregate into localized spherical and cylindrical microstructures ͓Fig. 4͑a͔͒. Then these microstructures come into close contact and form gyroid morphology ͓Fig. 4͑b͔͒. Next, an irregular hexagonal cylindrical morphology ͓Fig. 4͑c͔͒ appears. This morphology subsequently evolves first, into a perforated hexagonal lamellar morphology ͓Fig. 4͑d͔͒, and second, into an irregular lamellar morphology ͓Fig. 4͑e͔͒ in which some microdomains between two alternating layers are connected. The observations of the perforated hexagonal and irregular lamellar morphology are in agreement with the experimental results reported by Mani et al. 44 and recently simulated results reported by SotoFigueroa et al. 33 Finally, the connections between two alternating layers are broken and the lamellar microstructure appears ͓see Fig. 4͑f͔͒ .
Decreasing the fraction of the S-block from f = 0.50-0.40, gyroid morphology is observed. Once this microstructure forms, it remains stable in this study. The dynamic pathway of hexagonal packed cylinders obtained during the microphase evolution process is presented in Fig. 5 . This process also initiates the formation of spherical and cylindrical microstructures, and then the gyroid morphology ͓Fig. 5͑a͔͒. Irregular cylindrical microstructure ͓Fig. 5͑b͔͒ is then formed, in which the cylinders tend to be arranged in a parallel manner. Next, the cylinders are completely aligned ͓Fig. 5͑c͔͒, although some sideward microdomains are still connected. Finally, the sideward connections are broken and the hexagonal packed cylindrical morphology appears ͓see Fig. 5͑d͔͒ . The bcc morphology can be directly evolved from the spherical and cylindrical microstructures after a much larger time scale; however, this morphology is slightly different from the bcc morphology observed via theory and experiment. This morphology observed in our simulation is not exactly of cubic symmetry, and the microstructures of small micelles are more like peanut shapes than ideal spheroids. The existing difference can be explained by the fact that the finite length of diblock copolymers and the finite size of the simulation box. In our DPD model, the simulated diblock copolymers are only of length N = 10. The finite polymer length can have a great effect on the phase diagram, through it is not of the highest importance to estimate the interfacial tension, as described by Groot and Madden. 12 Another reason for the existing difference may be the finite size of the simulation box. The bcc phase has to fit the simulation box in three directions and the limited box size forces the system to change the shapes of micelles. The dynamics of these morphologies are similar to that reported by Groot and Madden, 12 where they proposed a direct, a particle-based DPD model without any real molecular structure of the block copolymers. In this work, we study the morphologies of the PS-b-PI diblock copolymer system at a constant temperature T = 413 K. The DPD model is constructed to match the physical description and structural properties of the PS-b-PI diblock copolymer. The parameters of CG force field are developed from AAMD simulation and experimental data. Within the new CG force field, a run of more than 2.0ϫ 10 6 iterations ͑2.32 s͒ is required to obtain some of the equilibrium morphologies, such as the hex and bcc morphologies, which are much greater than the time used in the previous DPD simulation.
IV. CONCLUSION
This paper describes the DPD simulation results of the PS-b-PI diblock copolymer. The DPD model is constructed to match the physical description and structural properties of the PS-b-PI diblock copolymer system. The CG procedure for the DPD particles is derived from the standard DPD approach that keeps each DPD particle with the same volume based on the CG mapping on that of water. A CG force field is developed for the PS-b-PI diblock copolymer system in DPD simulations. The new DPD force field includes two interaction parts, the bonded and nonbonded interactions. The bonded interactions in the DPD scheme are described by harmonic spring forces and bond-bending forces, which are derived from AAMD simulation for the PS-b-PI diblock copolymer. The nonbonded interactions in the DPD scheme are determined by fitting experimental data for the compressibility of water at room temperature and interfacial tension values. The morphologies obtained from our DPD simulation for the PS-b-PI diblock copolymer systems can be compared qualitatively with expectation based on experiments, theories, and other simulation results. Although we develop the DPD model only for PS-b-PI, the approach should be compatible for use with other diblock copolymer systems and other polymer systems in general.
